After complement system (CS) activation, the sequential production of complement products increases cell injury and death through opsonophagocytosis, cytolysis, adaptive, and inflammatory cell responses. These responses potentiate cerebral ischemia-reperfusion (IR) injury after ischemic stroke and reperfusion. Activation of the CS via mannose binding lectin (MBL)-initiated lectin pathway is known to increase tissue damage in response to IR in muscle, myocardium and intestine tissue. In contrast, the contribution of this pathway to cerebral IR injury, a neutrophil-mediated event, is less clear. Therefore, we investigated the potential protective role of MBL deficiency in neutrophil-mediated cerebral injury after IR. Using an intraluminal filament method, neutrophil activation and cerebral injury were compared between MBL-deficient and wild type C57Bl/6 mice subjected to 60 minutes of MCA ischemia and reperfusion. Systemic neutrophil activation was not decreased in MBL-deficient animals after IR. In MBL-deficient animals, cerebral injury was significantly decreased only in the striatum (p < 0.05). Despite MBL deficiency, C3 depositions were evident in the injured hemisphere during reperfusion. These results indicate that while MBL deficiency results in a modest protection of a sub-cortical brain region during IR, redundant complement pathway activation may overwhelm further beneficial effects of MBL deficiency during reperfusion.
INTRODUCTION
Stroke is currently the third leading cause of death in the US. Unfortunately, estimates indicate that as our population ages, the occurrence of stroke will dramatically increase 43% over the next sixteen years [1, 2] . Stroke is also associated with significant disability and thus contributes to individual, family and societal health care burden. In ischemic stroke, by far the most common stroke etiology (89%) [2] , a thrombus or embolus blocks a blood vessel responsible for delivering oxygen and nutrients to brain tissue. Occlusion of the middle cerebral artery, a common site of ischemic stroke, severely damages the sub-cortical brain region, where collateral circulation is limited. This area of irreversible ischemic injury is called the necrotic core. Surrounding the necrotic core, the penumbra contains viable tissue not yet irreversibly damaged because energy metabolism is maintained through collateral circulation [3] . Returning blood flow to ischemic tissue (reperfusion) is necessary to reduce expansion of the necrotic core to the cortical brain regions, thereby lessening ischemic injury. Unfortunately, the benefits of reperfusion are mitigated by a secondary injury to the penumbra which is, in part, related to acute and prolonged inflammatory events that damage viable brain cells [4] [5] [6] [7] . This secondary injury is termed ischemia-reperfusion (IR) injury.
Activation of the complement system (CS) contributes to the inflammatory sequel of cerebral IR injury. The CS, a component of the innate immune system, is comprised of three activation pathways (alternative, classical and lectin) that lead to a common terminal pathway, summarized by Fig. (1) . The alternative pathway is initiated by hydrolyzed C3 [C3(H2O)], factor B and factor D interactions. The classical pathway is initiated when systemically circulating C1q (a pathogen recognition molecule) interacts with antigen-antibody complexes on pathogenic cell surfaces. The lectin pathway, distinguished as independent from the classical pathway in the 1990s [8] , is initiated when circulating mannose binding lectin (MBL) or ficolins interacts with sugar moieties present on invading bacteria or glycated molecules and damaged cells. Activation of alternative, classical, and lectin pathways may occur both simulta-neously and independently of each other to result in C3 convertase formation and initiation of the terminal pathway [9, 10] . Thus, as a result of CS activation, complement factors and fragments are sequentially produced, increasing cell death and cell clearing by opsonophagocytosis, cytolysis, adaptive, and inflammatory cell responses [9] . Important to cerebral IR injury, and thus, this study, is the central role of anaphylatoxins (complement fragment C3a and C5a) as potent inducers of neutrophil activation [11, 12] .
It is well known that activated neutrophils, a component of cell mediated inflammatory responses, increase cerebral IR injury [5] [6] [7] . Activated neutrophils firmly adhere to injured blood vessel endothelium thereby localizing the responses of these inflammatory cells (vessel plugging, release of reactive oxygen species and proteases) to distinct sites of injury. Up-regulation of surface expression of CD11b on systemic neutrophils facilitates their firm adhesion to activated vessel endothelium and diapedesis into brain parenchyma. Thus CD11b is a measure both of neutrophil activation and their potential for increasing cerebral IR injury [13] .
Investigations examining complement-mediated cerebral IR injury after ischemic stroke and reperfusion burgeoned approximately ten years ago. Initial lines of inquiry examined the effects of total CS protein depletion, inhibition of all three activating pathways or inhibition of the terminal pathway on cerebral IR injury; the majority of these studies found significant neuroprotection [14] [15] [16] [17] [18] [19] [20] . Inhibition of all three activation pathways also decreased neutrophil accumulation and the production of free radicals and lipid peroxidase in brain tissue after cerebral IR [14, 16, 19, 21] . Studies that followed focused on determining the contribution of individual pathway activation to cerebral IR injury [14, 18, 22] . Limited evidence now suggests that complement mediated injury in cerebral IR is independent of C1q (classical pathway activation) thus bringing to attention the possible role of either the alternative and lectin activation pathways [18, 22] . In tissues other than the brain, most notably the heart, skeletal muscle, kidney and intestine, investigators have examined the contribution of MBLinitiated lectin pathway activation to IR injury and reported significant organ protection in the MBL-deficient mouse [23] [24] [25] [26] [27] [28] .
To date, the role of the lectin activation pathway in cerebral IR injury is limited [29] . Furthermore, while both the CS and neutrophil activation clearly contribute to cerebral IR injury, a relationship between the two has not yet been well defined in ischemic stroke and reperfusion. Therefore the purpose of this study was to determine if MBL-initiated lectin pathway activation of the CS Fig. (1) . Introduction to the complement system. In the classical pathway, C1q recognizes and binds to immunoglobulins (IgG and IgM) presented on damaged or invading cells. The C1q-antibody complex activates serine proteases C1s and C1r which then combine C2 and C4 into the classical C3 convertase (C4b2a). In the lectin pathway, MBL recognizes and binds to glycans presented as antigens on damaged cells or microorganisms. The MBL-glycan complex activates serine protease MASP2 to create the lectin C3 convertase from C2 and C4 (C4b2a). The alternative pathway greatly differs from classical and lectin pathways. With increased concentrations of circulating C3(H2O), factors B and D spontaneously form the alternative C3 convertase (C3bBb). Anaphylatoxins C3a, C4a, and C5a are created through enzymatic cleavage of C3, C4, and C5; while C3b, C4b, and C5b are necessary for continued propagation of the CS toward the terminal pathway; C3a, C4a, and C5a carry out secondary CS actions to activate other immune systems. The sequential cascade of CS is highlighted by the solid arrows while the dotted arrows identify the origins of anaphylatoxin production (Fujita, 2004; Sunyer et al, 2005) . The terminal pathway begins with C5 cleavage by C5 convertase and ends with MAC formation resulting in targeted cytolysis.
C3

C3b
C5
C5b
Classical Pathway C1q, C1s, C1r C2, C4 The Complement System
Activation pathways
Terminal pathway significantly contributes to neutrophil activation and resultant cerebral injury after ischemic stroke and reperfusion. We hypothesized that in the absence of MBL, CS activation would be significantly decreased during cerebral ischemia and reperfusion and that the resulting decrease in anaphylatoxin production would limit neutrophil activation, and thus significantly attenuate cerebral injury.
MATERIALS AND METHODS
Animals
C57Bl/6 (MBL +/+ ) mice or C57Bl/6 mice with targeted mutations to both the MBL A and MBL C genes (MBL -/-) were purchased from Jackson Laboratories, (Bar Harbor, ME). This MBL-deficient mouse model, first described by Shi et al, has been used extensively to investigate MBL activation during IR injury in organ systems other than the brain [25, 27, 30] . All animal experiments were performed in compliance with the University of Arizona Institutional Animal Care and Use Committee.
Experiments
MBL, C1q and factor D gene expression (activators of the lectin, classical, and alternative pathway, respectively) has not been adequately described after experimental cerebral IR. In an initial set of experiments, gene expression of MBL-A, MBL-C, C1q, and factor D was measured after cerebral IR (in MBL +/+ ) and compared to animals undergoing a sham procedure. In addition, as both CS and neutrophil activation are each implicated as mechanisms of reperfusion cerebral IR injury, it was also important to first establish whether products produced via CS activation could impact neutrophil activation in the mouse. In vitro studies were undertaken to investigate the effects of C3a and C5a on neutrophil activation in mouse whole blood. 
Temporary Middle Cerebral Artery Occlusion
The temporary middle cerebral artery occlusion (tMCAO) and sham procedures were performed as previously described [13] . In brief, after anesthesia induction, cranial Doppler probe (PeriFlux System 5000, North Royalton, OH) placement and ventral neck incision, the right common and external common artery (ECA) were isolated and the ECA was cauterized and cut. For the tMCAO procedure, a prepared filament (blunted, silicone coated 6-0 nylon, 0.21-0.25 mm) was introduced via the ECA stub, the common carotid artery was tied, and the filament was advanced to the ostea of the middle cerebral artery. No filament was placed for the sham procedure. Cerebral ischemia was confirmed by a sudden reduction (70% of baseline) in relative cerebral blood flow (rCBF) measured by doppler probe. To model severe ischemic stroke, the filament remained in place for 60 minutes while animals remained under anesthesia. Sham animals remained under anesthesia for comparable time periods without intraluminal filament placement. After the ischemic period, the filament was withdrawn and the common carotid artery was untied to initiate reperfusion. A return of rCBF to at least 70% of baseline was required for study inclusion. Once affixed to the cranium, the laser doppler probe remained in place allowing for continuous rCBF monitoring throughout the 
Real Time RT-PCR
Gene expression of MBL-A, MBL-B, C1q, and factor D was examined to elucidate modalities of CS activation during cerebral IR injury. Real time RT-PCR was used to assess gene expression in MBL +/+ and MBL -/-animals that underwent either sham or tMCAO surgery. C1q and factor D mRNA expression was assessed after ischemia and 15 minutes of reperfusion in brain and liver tissue collected from MBL +/+ and MBL -/-animals. Hepatic MBL-A and -C mRNA expression was assessed in MBL +/+ animals after ischemia and either 15 minutes or 24 hours of reperfusion. Total RNA was isolated from tissues using TriZol (Invitrogen, Carlsbad, CA) extraction followed by a lithium chloride extraction protocol [31] . Isolated RNA was quantified and assessed for purity on a spectrophotometer (Biophotometer 6131, Eppendorf, Hauppauge, NY) and reverse transcribed to cDNA (100ng/µl) using an iScript kit (BioRad, Hercules, CA). TaqMan (Applied Biosystems, Carlsbad, CA) primer probes for the genes of interest are summarized in Table 1 . The PCR reaction contained 10µl of 2x iQ Supermix (BioRad), 9µl RNase-free water and 1µl of the TaqMan probe of interest for a total volume of 19µl. All reactions were run in triplicate with the following program: 95°C for 2 min followed by 45 cycles of 95°C for 15 sec and 60°C for 1 min. Cycle threshold (CT) for each experiment sample was determined after standardization of cDNA content and normalization using β-actin. Fold change between specific comparison groups were calculated as 2 -ΔΔCt [31] .
In vitro Complement Mediated Neutrophil Activation
In order to determine the extent to which C3a and C5a induced neutrophil CD11b expression, blood was collected and pooled from six naïve (not subjected to tMCAO) MBL +/+ animals and incubated in-vitro with different concentrations of each complement factor. Incubations were conducted in triplicate. Complement factors were prepared and stored according to manufactures' recommendations. Neutrophil CD11b expression in whole blood after in vitro stimulation with murine C5a and C3a has not yet been described in the mouse. The range of C5a and C3a concentrations used in this in vitro study were based on those known to activate human neutrophils [12] .
A midline dorsal abdominal incision was made in anesthetized animals and blood was drawn from the ascending vena cava using a 23-ga needle into a 1 ml syringe prepared for a 1:10 citrate/blood dilution (Sigma, MO). Whole blood (50ul) was immediately aliquotted into Eppendorf tubes and incubated with an equal volume of either murine C5a (0.005ng/ml to 15ng/ml; BD Pharmingen, San Jose, CA) or murine C3a (3ng/ml to 300ng/ml; BD Pharmingen). Blood incubated with an equal volume of phosphate-buffered saline or lipopolysaccharide (LPS, 0.1ng/ml, final concentration) served as negative and positive controls, respectively. All whole blood aliquots were incubated with complement proteins for thirty minutes followed by flow cytometry processing for analysis of neutrophil CD11b expression (see below). Total incubation time prior to sample fixation with 500 µl 1% paraformaldehyde solution was 55 minutes. Data acquisition was performed immediately after sample fixation.
Post-Stroke In vivo Complement Mediated Neutrophil Activation
To assess the role of lectin complement activation on systemic neutrophil activation responses after transient ischemic stroke, data were collected in two sets of experiments. In a first set of animals, data were collected after ischemia and 15 minutes of reperfusion in three groups of animals: sham procedure in MBL +/+ animals (n = 6), tMCAO procedure in MBL +/+ animals (n = 8), and tMCAO procedure in MBL -/-animals (n = 7). In a second set of animals, data were collected after ischemia and 24 hours post-reperfusion in the same three groups: sham procedure in MBL +/+ animals (n = 7), tMCAO procedure in MBL +/+ animals (n = 7), and tMCAO procedure in MBL -/-animals (n = 7). In all animals, blood was drawn from the abdominal aorta as described above. After blood collection, whole blood (50 µl) was aliquot into Eppendorf tubes for flow cytometry processing and analysis (detailed below).
Flow Cytometry
Whole blood collected for in vitro and in vivo experiments described above was processed for quantification of neutrophil CD11b expression using flow cytometry according to the method previously described [13] . In brief, a PE-Cy5-labeled neutrophil population was identified by its characteristic forward and side scatter. FITC conjugated antibody was used to measure neutrophil surface expression of CD11b within the identified (gated) neutrophil population. To measure neutrophil surface expression of CD11b, FITCconjugated antibody bound to neutrophil CD11b was excited at 488nm; a 520nm emission was detected by FL1 detectors (FACSCalibur, BD Biosciences, San Jose, CA). After data were acquired from 10,000 events, the geometric mean of CD11b-FITC fluorescence was multiplied by the percentage of cells that were positively fluoresced (percent positive) to yield a total fluorescence intensity (TFI) value for each neutrophil population. Neutrophil populations were independently assessed for each in vitro and in vivo experimental condition and data are reported as mean TFI ± SEM.
Cerebral Injury
Cerebral injury (brain infarct volume and edema) was assessed in MBL +/+ (n = 10) and MBL -/-(n = 8) animals subjected to 60 minutes of ischemia. After 24 hours of reperfusion, brains were rapidly removed from euthanized animals, sliced in 4 coronal sections (2mm) and incubated with 1% 2, 3, 5-triphenyltetrazolium chloride (TTC) as described previously [13] . After overnight incubation in 10% formalin, color digital images of the anterior and posterior aspect of each slice were acquired (HP Scanjet 4850) and saved as TIFF image files at 600 dots per inch. Images were assessed in a blinded fashion using Image J software (NIH) for infarct volume and edema. Anatomical areas (cortex and striatum) in the ipsilateral (affected) and contralateral (nonaffected) hemispheres were identified using a mouse brain stereotaxic atlas reference. Infarct volume is reported as a percent of the contralateral hemisphere. Edema is reported as the percent increase in volume between the ipsilateral and contralateral hemispheres ([ipsilateral hemispheric volumecontralateral hemispheric volume)/contralateral hemispheric volume] * 100) [13] .
Immunofluorescence
C3 deposition in brain tissue was assessed histologically after 15 minutes and 24 hours of reperfusion in MBL +/+ (n = 2/time group) and MBL -/-(n = 3/time group) animals subjected to 60 minutes of ischemia. Brains were sliced in 2 mm coronal sections and rapidly frozen in an isopentane slurry and stored at -80 ºC prior to cryostat slicing. Using a cryostat, 2µm sections were cut beginning at 4mm from the frontal pole. C3 deposits in brain sections were identified by direct IF staining using FITC-conjugated C3 (MP Biomedicals, Solon, OH. C3-FITC was prepared according to manufacturer's recommendations. A 1:10 dilution (100µl rehydrated FITC-labeled antibody: 900µl PBS) was applied to tissue sections, incubated in a humid chamber for 30 minutes and then rinsed in PBS. Stained tissue was fixed in 100% ethanol and coverslip placed with Mowial. Phase and immunofluorescence images were captured in five consistent locations (3 areas in the cortex and 2 areas in the striatum) using a Leica phase microscope and RT color spot camera (Diagnostic Instruments, Sterling Heights, MI). C3 positive cells were counted in the five images (40X) per hemisphere (ipsilateral and contralateral). Mean number of C3 fluoresced cells/field were calculated for each hemisphere in each experimental group.
Statistical Analysis
All data are presented as the mean ± standard error of mean (SEM). Statistical significance was determined by Student's t-test or ANOVA with Welch correction, when unequal variances were present, and post-hoc testing, as appropriate, using SPSS [16] software.
RESULTS
Hepatic MBL-A and -C mRNA Expression Increases after Ischemic Stroke and Reperfusion
Hepatic expression of MBL-A mRNA expression significantly increased in MBL +/+ mice after both 15 minutes (p < 0.05) and 24 hours (p = 0.05) of reperfusion as compared to sham animals. Hepatic MBL-C mRNA was significantly increased after 15 minutes (p < 0.05) but not 24 hours (p = 0.06) of reperfusion when compared to sham animals ( Table  1) . MBL-A and -C gene expression also appeared to be induced locally in the injury brain although these increases did not achieve significance when compared to sham animals ( Table 1) . Fig. (3) . Anaphylatoxin C5a increases neutrophil CD11b expression. Mouse whole blood was incubated with anaphylatoxins C3a (A) and C5a (B) to determine the dose response of neutrophil CD11b expression. Negative (PBS) and positive controls (LPS [10 µg/0.1ml]) were included. Statistical significance versus PBS incubation was denoted at p < 0.05 (*) and p < 0.001 (***) (n = 3 for each incubation; data are mean TFI ± SEM).
A) B)
Complement Peptide C5a Increases Neutrophil Expression of CD11b
C3a also did not alter neutrophil CD11b when whole blood was incubated in vitro over a range of C3a concentrations (Fig. 3B) . In contrast, a significant concentrationdependent increase in CD11b expression occurred in response to C5a incubation (Fig. 3C) . C5a was a potent inducer of CD11b expression.
Cerebral Ischemia and Reperfusion Induces Neutrophil CD11b Expression in the Absence of MBL
To investigate a potential role for lectin pathway activation of the CS in the systemic activation of neutrophils during ischemic stroke and reperfusion, CD11b expression on circulating neutrophils was measured in three groups of animals (MBL +/+ sham, MBL +/+ animals with tMCAO, and MBL -/-animals with tMCAO) after fifteen minutes (Fig. 4A ) or twenty-four hours (Fig. 4B) 
001). CD11b expression was also significantly increased in the MBL
-/-mice at twenty-four hours of reperfusion (p < 0.05) and, contrary to our hypothesis, was no different than in the MBL +/+ mice.
MBL Deficiency Decreases Infarct Size in the Striatum
To determine whether MBL deficiency could be cerebroprotective, independent of effects on neutrophil activation, we next evaluated the effect of MBL deficiency on actual brain injury, as measured by infarct volume after twenty-four hours of reperfusion following ischemia. As is evident from representative images of brain injury in MBL +/+ (upper panel) and MBL -/-(lower panel) animals after tMCAO (Fig.  5A) , infarct volume in the striatum was significantly decreased in the MBL -/-group (26.1% reduction), compared to the MBL +/+ group (p < 0.05) (Fig. 5B) . In contrast, there was a small but non-significant reduction in infarct volume in the cortex (12.7%) and no difference in total hemisphere infarct volume in the MBL -/-group when compared to the MBL +/+ group (Fig. 5B) . Further analysis of the distribution of infarction volume following tMCAO, which was greatest in middle coronal sections 4-6mm from the frontal lobe of MBL +/+ mice (Fig. 5C) , revealed small but non-significant decreases in total infarct area in the frontal portion of the brain of MBL -/-mice where the cortex and striatum are proportionately greatest (0-4 mm from frontal lobe).
Brain edema in MBL deficient mice was decreased by 44% when compared to the MBL +/+ group. This change did not quite reach statistical significance with two tailed testing (p = .07) (Fig. 5D) . As with infarction volume, this reduction in edema observed in MBL -/-mice also appeared most marked in the frontal portion of the brain (Fig. 5E) .
The Complement System is Activated during Cerebral IR Despite MBL Deficiency
Because MBL deficiency had only a modest effect in limiting cerebral injury, we next assessed CS activation in response to IR injury. Immunofluorescent C3 deposits were not observed in the uninjured contralateral hemispheres of MBL +/+ or MBL -/-mice after ischemia and reperfusion (15 minutes or 24 hours) (Fig. 6) . In contrast, distinct C3 deposits, which primarily localized to neurons, were evident in the injured ipsilateral hemispheres of both MBL +/+ and MBL -/-mice. The number of C3 positive cells in the ipsilateral cortex and striatum of MBL +/+ and MBL -/-mice Fig. (4) . Neutrophil activation post-reperfusion of ischemic stroke. A) Neutrophil expression of CD11b was assessed in three groups after ischemia and 15 minutes of reperfusion to assess neutrophil activation: MBL +/+ animals with sham procedure (n = 6), MBL +/+ animals with tMCAO procedure (n = 8), and MBL -/-animals with tMCAO procedure (n = 8). B) Data were also collected in the same groups after 24 hours of reperfusion (n = 7 for all groups). Neutrophil CD11b expression was significantly increased in both MBL +/+ and MBL -/-animals after 24 hours of reperfusion. Statistical significance versus sham was denoted at p < 0.05 (*) (data are mean TFI ± SEM).
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following tMCAO were no different at 15 minutes (31.1 ± 19.5, 17.4 ± 11.9 respectively) or 24 hours (25.0 ± 5.2, 21.0 ± 9.4 respectively) of reperfusion.
Hepatic C1q mRNA Expression Decreases after Ischemic Stroke and Reperfusion
We next investigated gene expression of C1q and factor D, important components of classical and alternative CS pathways, in response to stroke and reperfusion injury in wild type MBL +/+ and MBL -/-mice ( Table 2) . Factor D gene expression in MBL +/+ animals was not statistically different after ischemic stroke and reperfusion in either brain or liver tissue when compared to the sham group. In addition, hepatic factor D expression after ischemic stroke and reperfusion was unaffected by MBL deficiency. Similarly, brain C1q gene expression was also unaffected by ischemic stroke and reperfusion and unaffected by MBL deficiency. However, hepatic C1q gene expression was significantly decreased after 15 minutes of reperfusion in both MBL +/+ and MBL -/-mice, (p < 0.01 and p < 0.001 respectively). After 24 hours of reperfusion, C1q gene expression was not different in either MBL group when compared to sham.
DISCUSSION
To our knowledge, this is the first study to investigate the postulate that MBL-initiated lectin pathway activation of the CS enhances neutrophil-mediated IR injury after ischemic stroke. It is well known that activated neutrophils significantly increase cerebral injury after IR via multiple mechanisms including: the "no-reflow" phenomena, caused by neutrophil microvascular occlusion; release of toxic substances such as ROS and proteases; and systemic and local release of pro-inflammatory cytokines [7] . A sustained reduction of blood flow combined with release of neutrophil products (ROS, proteases, cytokines), during reperfusion, extends damage to the blood brain barrier, vascular endothelium, and, eventually, brain parenchyma [32] .
CS activation is known to enhance neutrophil activation, mediated primarily by anaphylatoxin C5a [11, 12] and, critically, MBL-initiation of the CS has proven to play a role in IR injury in every vascular bed studied to date [23, 28] . Mechanistically, in response to IR injury, MBL is thought to have two roles: first, to mark cells for phagocytosis and second, to initiate the complement system via the lectin pathway resulting in cytolysis, increased anaphylatoxin production and increased inflammatory responses. Evidence suggests that, during reperfusion, interactions between MBL and IgM initiate complement activation and tissue damage [33, 34] . Specifically, IgM antibodies bind to antigens expressed on injured tissue and vascular endothelium [28] and contain mannose terminating glycans which affect antibody solubility [35] . Systemically circulating and locally produced MBL recognizes these glycan domains and binds to IgM. Subsequently, these MBL-IgM interactions initiate the lectin pathway and sequential production of anaphylatoxins (C3a and C5a) during IR. animals (n = 2), Row 3) ischemia and 15 minutes of reperfusion in MBL -/-animals (n = 3), Row 4) ischemia and 24 hours of reperfusion in MBL +/+ animals (n = 2), and Row 5) ischemia and 24 hours of reperfusion in MBL -/-animals (n = 3). Phase images (column 1) and C3-FITC images (column 2) were captured using a 40X magnification. The contralateral hemisphere image is representative for all groups. C3 deposits, marked by the fluorescent C3-conjugated antibody and white spots present in infarcted tissue, were observed in all groups. Scale marker is 50 microns.
The liver is the primary site of MBL-A and -C production although these gene products are also known to be produced in other tissues, including the brain [36] . To our knowledge, these studies provide the first evidence that hepatic expression of MBL-A and MBL -C is significantly increased after ischemic stroke and reperfusion. Thus, while serum MBL was not measured in this study, because gene expression of MBL-A and MBL-C correlate with serum MBL concentrations [24] , these changes in hepatic gene expression suggest that circulating levels of MBL may be significantly increased very early in response to cerebral IR injury and remain elevated for up to 24 hours.
As the effects of anaphylatoxins C3a and C5a on neutrophil activation in mouse whole blood had not previously been reported, it was important to verify their effects in this study. Previously, in human whole blood, neutrophil activation has been reported in response to C3a or C5a with C5a being the most potent inducer of neutrophil activation as compared to C3a, including concentrationdependent increases in neutrophil CD11b expression [11, 12] . In the current study, similar to the findings in human studies, we found that C5a, but not C3a, potently increases neutrophil surface expression of CD11b in mice. These novel data therefore suggest that neutrophil activation in mice models that of humans and can similarly be induced via CS activation and subsequent production of anaphylatoxin C5a.
Previously, we demonstrated that neutrophil CD11b expression was significantly increased in a mouse model of ischemic stroke and reperfusion [13] . However, contrary to our hypothesis that the MBL pathway would contribute significantly to CS activation and thus neutrophil activation, MBL deficiency was not associated with a reduction in CD11b expression following cerebral IR injury. Although neutrophil accumulation is also an important measure, the cross-reactivity between neutrophils that have migrated into brain tissue and resident microglia impedes any ability, using conventional methods, to distinguish between the two similar cell populations [37] [38] [39] . While flow cytometry assesses the first step in the migration of neutrophils to tissue, cell activation, it is a more accurate method that reflects subsequent tissue accumulation.
MBL deficiency significantly decreased infarct volume in the striatum, the small sub-cortical region of the brain where the necrotic core is located following tMCAO, a brain region that suffers the majority of the ischemic insult [3] . This novel finding is indicative that MBL deficiency has a cerebroprotective role during brain ischemia. In contrast, in brain regions more subject to reperfusion and therefore increased inflammatory events augmented by reperfusion injury, cortical region or affected total hemisphere, we did not observe significant protection of MBL-deficient mice. This notion of ischemic versus IR specific effects of MBL is supported by the findings of Yager et al., who examined cortex damage after a traumatic brain injury in the same MBL -/-mouse model [40] . In findings that are similar to our own, Yager et al. found that MBL deficiency did not protect the cortex after traumatic brain injury. In combination, these findings suggest that CS activation may occur in a differential manner during ischemic injury as compared to IR injury, postulates that warrant further investigation.
To explore the possibility that CS activation in the brain persists despite MBL deficiency, C3 deposits were assessed in brain tissue after ischemic stroke and reperfusion. C3, common to all three activating pathways, deposits on injured cells after CS activation marking them for phagocytosis. Others have used immunohistochemistry techniques to measure C3 deposits in situ after injury or infection as a measure of non-pathway specific complement activation after IR [18, 25, 27, 41] . Similar to the findings of others [18] , in the current study, after either 15 minutes or 24 hours of ischemic stroke and reperfusion, C3 deposits were, in fact, present within damaged areas of brain tissue of all animals. In combination with neutrophil activation data, these findings suggest that CS activation, and therefore anaphylatoxin production and C3 deposition in brain tissue after ischemic stroke and reperfusion, still occurs in the absence of MBL and must therefore occur via initiation of the alternative and classical pathway. Gene expression of factor D and C1q, activators of the alternative and classical activation pathways respectively, has not been examined in the setting of cerebral IR. Although systemic factor D secretion originates primarily from adipocytes [42] , the factor D gene is also expressed in hepatocytes, spleen and intestine [43] . In a mouse model, hepatic sources of factor D transcripts can be modulated by a high fat fed diet. To investigate localized and hepatic alterations of factor D in response to ischemic stroke and reperfusion, gene transcripts were measured in brain and liver tissue. Our findings indicate that brain and liver were not significant sources of increased factor D after ischemic stroke and reperfusion as factor D transcripts were not measurable in brain tissue and, in liver tissue, were unaltered by tMCAO. Alternatively, any changes to systemic concentrations of factor D during cerebral IR may originate from adipocytes.
In contrast to factor D, C1q gene transcripts were robustly detected from liver tissue (data not shown). Although hepatocytes are capable of secreting C1q, the primary source of C1q is from differentiated macrophages. In the liver, Kuffer cells, the resident liver macrophage, modulate mRNA production and associated C1q secretion in response to acute injury [44] [44] . However, this initial suppres-sion of activation and subsequent early protection may not be present with extended reperfusion. Further exploration of the cooperative responses of the CS activation pathways, over time, after ischemic stroke and reperfusion is clearly warranted.
To date, the contributions of each of the three individual CS activation pathways to cerebral injury after ischemic stroke and reperfusion have not been thoroughly explored. Ideally, direct inhibition of MBL following cerebral IR is needed, but specific inhibitors of murine MBL-A and-C do not exist at the present time. Instead, the majority of cerebral IR injury research has centered on non-specific inhibition of all three CS activation pathways. The simultaneous inhibition of the three activation pathways (via C1-INH) significantly reduces total infarct volume and neutrophil infiltration into the affected hemisphere after ischemic stroke and reperfusion [14] [15] [16] [17] [18] [19] [20] [21] [22] . In contrast, in the single study evaluating genetic deletion of a single pathway, C1q-initiated classical pathway, there was no reduction in hemispheric infarct volume after cerebral ischemia and reperfusion [18] . Similarly, in our studies, while deletion of only the MBLinitiated lectin pathway did reduce striatum infarct volume, it did not decrease total hemispheric infarct volume. Taken together, these results support the postulate that, unlike other organs, deletion of a single activating pathway, e.g. either the lectin or classical pathway, does not yield significant attenuation of reperfusion injury in the cortex or total ischemic hemisphere [18, 19, 22] . Alternatively, it is possible that the alternative pathway, not yet studied in isolation in stroke, plays a critical role in IR injury that is unique to the brain.
In addition to redundant complement pathway activation, brain tissue heterogeneity may explain the lack of MBLmediated protection in the cortex observed in this study [45, 46] . Several lines of evidence support this notion. While few have compared the convolution of inflammatory responses and regional tissue damage after ischemic stroke and reperfusion, Maxon-Emre & Schlicher propose that microglial responses to transient ischemic injury are regionspecific [38] . Additional evidence suggests that, compared to the cortex, white matter (i.e. striatum) may be uniquely vulnerable to inflammatory mediators due to increased axonal and myelin damage [47, 48] . Local production of CS proteins and CS activation occurs within brain tissue [49] [50] [51] after injury and anaphylotoxin receptors C5aR and C3aR are present on neurons and glial cells that initiate inflammatory responses [52] .
Although not yet investigated, local CS protein expression and CS activation may also vary by region after ischemic stroke and reperfusion. The results of the present study provide evidence that the brain striatum is at increased risk for MBL-mediated tissue damage after IR. These findings support the possibility of region and/or cell specific responses to complement mediated brain injury.
In summary, we demonstrated in a mouse model of ischemic stroke and reperfusion that MBL deficiency may protect brain striatum during ischemia, however, with reperfusion, MBL deficiency does not protect cortical and hemispheric injury. We suggest that redundant complement pathway activation during reperfusion may overwhelm any protective responses that occur during ischemia. Further research is needed to characterize the relative contributions of single and combined complement pathway activation on regional, temporal, and reperfusion responses to cerebral injury after ischemic stroke.
